Thin-film microcrystalline diamond micromechanical resonators with mechanical quality factor limited by thermoelastic dissipation in the diamond film are demonstrated. Surface micromachined double ended tuning fork resonators were fabricated from in-situ boron doped microcrystalline diamond films deposited using hot filament chemical vapor deposition. Time-domain thermoreflectance measurements show thermal conductivity of 110 W m À1 K À1 for heat transport through the thickness of the diamond film. Measurement of the quality factor of resonators spanning a frequency range 0.5-10 MHz shows a maximum Q ¼ 81 646 and demonstrates good agreement with quality factor limited by thermoelastic dissipation using 100 W m À1 K À1 for the in-plane thermal conductivity of the diamond film. In applications such as oscillators for timing, 1 signal processing filters, 2 and sensors, 3 the performance of microand nano-electromechanical systems (MEMS and NEMS) resonators is strongly related to their mechanical quality factor, Q. Various extrinsic and intrinsic dissipation mechanisms 4,5 contribute to Q, including gas damping, support (or anchor) loss, 6 and thermoelastic damping (TED).
(Received 10 January 2013; accepted 7 February 2013; published online 19 February 2013) Thin-film microcrystalline diamond micromechanical resonators with mechanical quality factor limited by thermoelastic dissipation in the diamond film are demonstrated. Surface micromachined double ended tuning fork resonators were fabricated from in-situ boron doped microcrystalline diamond films deposited using hot filament chemical vapor deposition. Time-domain thermoreflectance measurements show thermal conductivity of 110 W m À1 K À1 for heat transport through the thickness of the diamond film. Measurement of the quality factor of resonators spanning a frequency range 0.5-10 MHz shows a maximum Q ¼ 81 646 and demonstrates good agreement with quality factor limited by thermoelastic dissipation using 100 W m À1 K À1 for the in-plane thermal conductivity of the diamond film. In applications such as oscillators for timing, 1 signal processing filters, 2 and sensors, 3 the performance of microand nano-electromechanical systems (MEMS and NEMS) resonators is strongly related to their mechanical quality factor, Q. Various extrinsic and intrinsic dissipation mechanisms 4, 5 contribute to Q, including gas damping, support (or anchor) loss, 6 and thermoelastic damping (TED). [7] [8] [9] Fundamentally, TED results from the conversion of elastic strain energy into thermal energy which is dissipated via conduction through the resonator material. For this reason, materials that have low thermal expansion coefficient and high thermal conductivity are desirable to minimize TED. Diamond, in its single crystalline form, is one such material having the highest thermal conductivity (j ¼ 2200 W m
) of any material at room temperature, a very low thermal expansion coefficient (a % 1.2 ppm/K), and extremely high elastic modulus, E ¼ 1050 GPa. However, heteroepitaxial growth of single crystal diamond on silicon substrates is difficult. Therefore, while very high Q (¼338 000) was recently demonstrated in single crystal diamond (SCD) resonators fabricated on 2 mm substrates, 10 wafer-scale fabrication of diamond resonators is currently only possible using polycrystalline films. However, polycrystalline diamond films may not retain the desirable mechanical properties of SCD. Furthermore, electrical excitation and read-out of resonator motion requires that the diamond be doped to achieve an electrically conductive film, introducing an additional variable that could degrade the mechanical properties.
Here, we investigate resonators composed of borondoped microcrystalline diamond (MCD) films deposited through hot filament chemical vapor deposition (HFCVD). We focus on MCD rather than nanocrystalline or ultrananocrystalline diamond (NCD or UNCD, respectively) because previous works on NCD 11, 12 ) in films with thicknesses (3-13 lm) comparable to those used in MEMS resonators. 17 To clarify the connection between film properties and TED, we used time-domain thermoreflectance (TDTR) to measure the thermal conductivity of diamond films used for resonator fabrication. Using resonators designed to target the frequency range (%0.5-10 MHz) where TED is expected to be the dominant contributor to Q, we demonstrate excellent agreement between measured Q and the theoretical TED limit predicted using the first-order Zener model. 8 The quality factor associated with TED for a resonator with resonant frequency, f, is expressed as
where f min is the frequency at which the minimum Q occurs (i.e., Q min ). These parameters are defined as
In Eqs. (2) and (3), C is the specific heat capacity, q is the density, E is Young's modulus, a is the coefficient of thermal 0003-6951/2013/102(7)/071901/4/$30.00 V C 2013 American Institute of Physics 102, 071901-1 expansion, T 0 is the equilibrium temperature, j is the thermal conductivity, and w is the width along the direction of movement. The in-plane vibration modes studied here depend on the in-plane thermal conductivity j k which is expected to be slightly lower than the out-of-plane thermal conductivity j ? measured via TDTR due to the columnar grain structure of the MCD. 17, 18 The two-mask fabrication of diamond resonators started by growing a 1 lm SiO 2 layer on a 150 mm [100] silicon wafer via thermal oxidation. Wafers were seeded prior to diamond growth in an ultrasonic bath containing a seeding solution with 5-50 nm nanocrystalline diamond powder. Diamond films were deposited in a large-area multi-wafer HFCVD system (Model 655, sp3, Inc.) using H 2 and CH 4 as precursor gases and trimethylboron (TMB, (CH 3 ) 3 B) to provide in-situ boron doping. All films described here were deposited with a CH 4 concentration of 1.5% and TMB:CH 4 concentration of 444 ppm at the deposition temperature of 700-750 C and process pressures near 25 Torr, resulting in resistivity of 17.9 mXÁcm. Resonators were fabricated from a 3 lm thickness film; because wafers with this thickness were too rough for optical TDTR measurements, thermal conductivity was measured on 1.5 lm films deposited under similar HFCVD conditions. An oxide hard mask consisting of a 1 lm SiO 2 layer was then deposited using plasmaenhanced chemical vapor deposition (PECVD). The diamond was lithographically patterned (mask 1) and etched with an O 2 /CF 4 plasma at a flow ratio of 50:1 in an inductively coupled plasma (ICP) etcher (SPTS Technologies) at a process pressure of 30 mTorr. Using an RF power of 1500 W and DC power of 300 W yielded a diamond etch rate of 250 nm/min. A second lithography step (mask 2) patterned the bond pads, where Ti/Au (30 nm/120 nm) were deposited via electron beam evaporation and lifted-off to form the electrical contact. The resonators were released using a timed etch in 49% HF to remove the SiO 2 beneath the resonator tines and dried using critical point dryer (Model 815, Tousimis) to avoid stiction.
As illustrated in Fig. 1 , the Raman spectrum of the MCD film showed a pronounced peak at 1324 cm À1 , while the sp 2 carbon peak at 1600 cm À1 was not visible, indicating a high fraction of sp 3 diamond. The slight downward shift of the Raman peak relative to the sp 3 SCD peak at 1332 cm À1 is consistent with previous studies on boron doped MCD and NCD films. 19, 20 The coefficient of thermal expansion was measured via wafer flexure to be 1.2 ppm/K at room temperature. The Young's modulus was determined to be 800 GPa by measuring the resonant frequency of cantilever beams etched onto the wafer. This value is approximately 10% lower than published values for diamond films grown via microwave plasma CVD (MPCVD) at similar CH 4 concentrations. 21 The parameters of the diamond film are summarized in Table I .
The diamond films were prepared for thermal conductivity measurements by coating with a %80 nm thick layer of Al by magnetron sputter deposition at room temperature. This Al layer serves as an optical transducer in the time-domain thermoreflectance measurement. 22, 23 In a TDTR measurement, a laser beam from a mode-locked Ti:sapphire laser is split into a pump beam and a probe beam with the relative optical path adjusted by a mechanical delay stage. The pump beam is modulated at 10 MHz by an electro-optic modulator. The pump and probe beams are focused on the sample to a 1/e 2 radius of 10.5 lm. The Al layer is heated by the pump beam and the temperature change of the Al layer is monitored by the probe beam through the temperature dependence of the optical reflectivity of Al. Signals obtained by a photo-detector are sent to a lock-in amplifier to detect the 10 MHz component that is synchronous with the modulation of the pump beam.
The ratio of measured in-phase (V in ) and out-of-phase (V out ) signals were compared with a multilayer thermal transport model. 22 Parameters in the model are the thickness, heat capacity, and thermal conductivity of each layer. The Al thickness was determined by picosecond acoustics. The thickness of the diamond films (1.5 lm) is comparable to the thermal penetration depth at 10 MHz; therefore, the sensitivity of the data to the thermal conductance of the diamond/silicon interface is weak but not negligible. The conductance of the diamond/substrate interface was set to 50 MW m À2 K
À1
, while the value of the thermal conductance of the Al/diamond and the thermal conductivity, j ? , of the diamond layer were adjusted to obtain the best fit between the model and the data:
The uncertainties in the diamond/silicon interface conductance and Al thickness propagate to an uncertainty in j ? of 615 W m À1 K
. A scanning electron microscope (SEM) image of the MCD film, Fig. 2(a) , shows grains with approximately 1 lm average size; these grains are columnar and span the thickness of the film. Quality factor measurements were conducted using double-ended tuning fork (DETF) resonator structures, illustrated in Fig. 2(b resonator structures, such as cantilevers 13 and doubleclamped string resonators, 24 DETF resonators have the advantage that they possess a symmetric vibration mode in which the two tines oscillate with a 180 phase difference, thereby reducing anchor loss by increasing the energy transfer between the two tines. Resonators were designed with tine lengths varying from 359 lm to 70 lm such that their resonant frequencies spanned a range from about 500 kHz to $10 MHz. To better demonstrate that the observed frequency-dependent Q fit the TED model from Eqs. (1)- (3), resonators were fabricated with two different tine widths, w ¼ 3.3 lm and 4.8 lm, to produce two different values for f min .
Resonators were tested in a vacuum chamber at P < 100 lTorr to reduce gas damping to an insignificant level. Swept frequency response measurements were collected with each device excited electrostatically and the inplane vibration modes were measured using a laser Doppler vibrometer (LDV). The symmetric and antisymmetric tuning fork vibration modes are closely spaced in frequency. These modes were distinguished by placing the LDV laser spot onto each of the two tines: in the symmetric mode a 180 phase reversal is observed between the two tines, whereas in the antisymmetric mode the tines vibrate in-phase. As discussed below, in the lower-Q antisymmetric mode, the tines behave like clamped beam resonators which have a wellknown analytical model for anchor loss. 25, 26 Fig. 3 . A 2nd order transfer function fit to the magnitude and phase of the frequency response of this resonator showed f n ¼ 473.303 kHz and Q ¼ 81 646.
The measured Q as a function of resonator frequency is plotted in Fig. 4(a) along with the theoretical TED-limited Q from Eq. (1). To allow the data sets for both 3.3 lm and 4.8 lm tine widths to be shown on the same axes, the frequencies were normalized by f min and re-plotted in Fig. 4(b) . Using j k ¼ 100 W m À1 K À1 produced the best fit of the experimental data to the theoretical curve. The anchor-loss limited Q predicted using the clamped-beam anchor loss model is also shown in Fig. 4(b) . The Q of the symmetric mode is in excellent agreement with the limit predicted by thermoelastic damping. On the other hand, measurements of the antisymmetric vibration mode collected at frequencies >5 MHz show that anchor loss contributes significantly to the Q of this mode, since
anchor . The value for j k determined from these measurements is approximately 10% lower than the value for j ? measured on 1.5 lm thick films using TDTR. While j ? > j k is expected based on the columnar grain structure of the MCD film, 17, 18 it is also possible that 3 lm thick film used for resonator fabrication may have a slightly higher value for j ? than the value measured on 1.5 lm films using TDTR. Nevertheless, the fact that the measured values are approximately an order of magnitude lower than the value assumed in previous studies of diamond resonators may help to explain why these studies showed poor agreement with the predicted TED limit. 12, 13 Although there is a large gap between the measured j and values reported for thicker diamond films, 17 it is likely that increased j can be achieved by optimizing the deposition conditions. Measurements of j versus CH 4 concentration in diamond deposited via MPCVD 27 are in general agreement with the value measured here and suggest that reducing CH 4 concentration can greatly increase j. However, because only f min (and not Q min ) depends on j, increasing j is likely to have little benefit for resonators operating well above f min . Indeed, a 300 MHz diamond resonator with Q ¼ 71 400 has already been demonstrated. 14 sensors 3 operating at or below 10 MHz that will benefit from increased j diamond films.
In conclusion, diamond resonators with quality factor limited by thermoelastic damping were shown in the frequency range between 0.5 and 10 MHz. Resonators were fabricated using a wafer-scale HFCVD diamond deposition process compatible with mass manufacturing. The experimental measurement of diamond thermal conductivity was used to demonstrate that the measured Q versus frequency agreed with the first-order Zener model for TED. The highest Q observed was 81 646 at f ¼ 473.303 kHz. The thermal conductivity for heat transport through the thickness of the diamond film was determined to be 110 Wm À1 K
, which was lower than the theoretical value for single crystalline diamond due, in part, to phonon scattering by defects including point defects, grain boundaries, and dislocation cores. Improvements to the HFCVD process conditions are expected to allow increased thermal conductivity diamond films leading to a commensurate increase in mechanical quality factor. 
